Future climate scenarios for the Iberian Peninsula predict increasingly variable precipitation regimes, challenging key ecosystem processes in the Mediterranean biome. This study presents a large-scale water manipulation experiment, exposing the understorey vegetation in a Mediterranean oak woodland to simulations of precipitation variability. We hypothesized that, with no net changes in rainfall quantity, large infrequent precipitation events extend the period of soil moisture deficit, thereby decreasing productivity and soil nitrogen availability, accompanied by changes in plant community structure. However, the herbaceous understorey was highly resilient to increased precipitation variability. Extending the dry period between precipitation events from three to six weeks had no effect on productivity and community structure, this lack of responsiveness being attributed to phenotypic and physiological adaptations of the vegetation. However, vegetation senesced earlier, the shorter life cycle potentially influencing reproductive success. Additionally, experimental water manipulation did not affect soil nitrogen dynamics, with nitrogen being limiting in both treatments.
Introduction
Mediterranean climate in the Iberian Peninsula is characterized by hot and dry summers and relatively mild and wet winters. The native vegetation has evolved adaptive strategies to avoid or endure severe summer droughts, when high temperatures and low soil moisture set the abiotic limits for productivity (e.g. Tenhunen et al., 1990) . The evergreen oak woodlands, called montados in Portugal, are unique savanna-type agro-silvo-pastoral ecosystems. They are characterized by a diverse understorey vegetation, resembling Mediterranean grasslands, and dominated by C3 annual plant species, avoiding the dry hot summer period by adjusting their lifecycle to the seasonal water availability (e.g. Unger et al., 2009) . Previous studies showed that the montado understorey vegetation plays a significant role for ecosystem functioning (Jongen et al., 2011; Pereira et al., 2007) . For example, the herbaceous understorey vegetation can account for more than 50% of ecosystem gross primary productivity in spring (Unger et al., 2009 ). In addition, understorey vegetation has been shown to enhance nitrogen input and retention within the ecosystem (Moreno Marcos et al., 2007; Otieno et al., 2011) , and significantly reflect on ecosystem evapotranspiration (Paç o et al., 2009 ) and soil water dynamics (Dubbert et al., 2013) .
Climate change scenarios for the Mediterranean region predict increasing annual mean temperatures and decreasing annual precipitation (Christensen et al., 2007) , the latter accompanied by changes in seasonality and temporal variability of precipitation (Luterbacher et al., 2006) , with a decrease in the number of precipitation days and an increase in the length of the dry spells (Easterling et al., 2000) . As a consequence, the risk of drought in Mediterranean ecosystems is likely to increase (Christensen et al., 2007; Giorgi and Lionello, 2008) . Indeed, studies report an increase in the dry period between precipitation events in the Iberian Peninsula (Gallego et al., 2011) , with increasing drought frequency in Portugal for the February to March period (Pires, 2003) . In addition, recent studies (Hoerling et al., 2012; Kelley et al., 2012) indicate a decrease in the Mediterranean region's cold season precipitation, with drier conditions and increased wintertime drought frequency since ∼1970. In Iberia the wintertime drought of 2004/2005 was the driest event on record, with the southern half of the Iberian Peninsula receiving merely ∼40% of the usual precipitation by June 2005 (Garcia-Herrera et al., 2007) . For a Mediterranean grassland, this resulted in severe limitations of primary productivity (∼4 fold), and a large reduction of carbon sequestration Jongen et al., 2011; Pereira et al., 2007) .
Grassland dominated ecosystems are commonly considered very sensitive to climatic changes (e.g. Grime et al., 2000) , especially to changes in precipitation (Nippert et al., 2006; Yang et al., 2008) , with the interannual variation in aboveground net primary productivity (ANPP) being correlated with the interannual variation in precipitation (Jongen et al., 2011; Sala et al., 1988; Vázquez-de-Aldana et al., 2008) . In addition, studies have shown that ANPP is sensitive not only to the size but also to the timing and size of precipitation inputs (Cherwin and Knapp, 2012; Fay et al., 2008; Heisler-White et al., 2009; Swemmer et al., 2007) , suggesting that increases in precipitation variability will affect ANPP. However, several studies with experimentally manipulated precipitation variability, without altering total precipitation inputs, demonstrated that the relationship between precipitation variability and interannual variation in ANPP remains open to debate, with an ecosystem's sensitivity to precipitation variability depending on vegetation structure, species composition, soil characteristics and climate zone. For example, in mesic grasslands, increasing precipitation variability decreased ANPP (Fay et al., 2003 (Fay et al., , 2008 Harper et al., 2005; Heisler-White et al., 2009; Knapp et al., 2002) , while in an arid ecosystem (Thomey et al., 2011) and in a semi-arid shortgrass steppe (Heisler-White et al., 2009) , increasing precipitation variability increased ANPP. However, in a Mediterranean grassland, dominated by annual species, changes in precipitation variability had no effect on ANPP (Miranda et al., 2009) . Similarly, a previous study on the effects of precipitation variability on ecosystem processes in the herbaceous understorey in a Mediterranean oak woodland, with the dry period extended from one to three weeks, showed no significant effects on ANPP and community structure (Jongen et al., 2013b) .
Although the strong dependence of ecosystem functioning on water availability in Mediterranean and other semi-arid regions has been long recognized (Bugalho et al., 2011; Pereira et al., 2007; Rodriguez-Iturbe and Porporato, 2004; Vicente-Serrano et al., 2010) , these ecosystems are also frequently reported as nitrogenlimited (Rutigliano et al., 2009) , with primary productivity being co-limited by soil moisture and plant available nitrogen (Cossani et al., 2010; Epstein et al., 2005) . As the nitrogen cycle in semiarid systems is strongly linked with drying/wetting cycles (Austin et al., 2004; Borken and Matzner, 2009; Saetre and Stark, 2005) , changes in precipitation variability have been shown to influence nutrient release processes, plant available nitrogen and nitrogen losses (Dijkstra et al., 2012; Heisler-White et al., 2009; Yahdjian and Sala, 2010) .
To develop a better understanding of the effects of altered precipitation regimes on ecosystem C and N cycling processes, we established a large-scale rainfall manipulation experiment in a typical Mediterranean oak woodland. The aim was to predict the impact of increasing precipitation variability, without altering total annual precipitation inputs, on productivity and species composition of the understorey vegetation, as well as its interrelations with belowground parameters, such as soil inorganic nitrogen, water infiltration and nitrogen leaching. In addition, control plots allowed for comparison of these parameters under a natural precipitation regime. We hypothesized that, with no net changes in rainfall quantity, large infrequent precipitation events will extend the period of soil moisture deficit, thereby decreasing ANPP and changing plant community structure, as compared to small, frequent precipitation events. In addition, we hypothesized that large, infrequent precipitation events will increase water infiltration to deeper soil layers, with a concomitant increase in N leaching, leading to a decrease of soil N availability and thus exacerbating the negative impact of drought on the understorey vegetation. Our results contribute to an improved understanding of the effects of climate change mediated alterations in water availability on productivity and its feedbacks on the soil N cycle in Mediterranean ecosystems.
Materials and methods

Site description
The study was conducted at the Herdade da Machoqueira do Grou (39 • 08 16 N, 8 • 20 03 W), 30 km northeast of Coruche, Portugal. The soil is a Cambisol (FAO, 2006) , with 81% sand, 14% silt and 5% clay. Field capacity at a depth of 5 cm, measured as the volumetric water content of the soil two days after a large irrigation event (80 mm), is 19.3% (SE = 0.44, n = 16). Volumetric soil water content at the permanent wilting point, measured at −1.5 MPa using a pressure plate extractor, is 7.6% (SE = 0.24, n = 12). The climate is Mediterranean, characterized by wet and mild winters, and dry and hot summers. Long-term mean annual temperature is approximately 15.9 • C, and long-term mean annual precipitation is 680 mm (Inst. de Meteorologia, Lisbon). The study site is an evergreen oak woodland (montado) with Quercus suber being the only tree species. The understorey vegetation consists of a mixture of C3 annual species, emerging after the first rains in autumn and senescing in late spring. Species composition and productivity of the understorey vegetation resembles that found in Mediterranean grasslands. The dominant species are Rumex acetosella, Tuberaria guttata, Tolpis barbata, Plantago coronopus, Agrostis pourretii, Vulpia bromoides and V. geniculata.
Until October 2009, the experimental site was intermittently grazed with a stocking density of 0.16 cattle ha −1 . In October 2009, the site was ploughed and seeded with a mixture of legumes (Trifolium subterraneum, T. michelianum -balansae, T. resupinatum, T. vesiculosum, T. incarnatum, T. glanduliferum, Biserrula pelecinum, Ornithopus sativus, O. compressus) and the grass Lolium multiflorum, this seed mixture (Charneca 650, S 07874) being supplied by Fertiprado, Vaiamonte, Portugal. Sowing legume-rich seed mixtures in agro-silvo-pastoral systems, in order to improve productivity and soil fertility, is a common agricultural practice in Portugal (Crespo, 2010) . Aboveground productivity of the understorey vegetation in May 2010 and May 2011 was 283 and 196 g m −2 , respectively.
Experimental design and rainfall manipulation
In December 2009, eight rainfall manipulation shelters ('Fraga', Prilux, Ponte de Vagos, Portugal) were constructed within a fenced area of ∼3500 m 2 with a tree density of ∼45 trees ha −1 , enabling manipulation of the precipitation received by the understorey. Each shelter covered an area of 6 m × 5 m (30 m 2 ), with an eave height of 1.6 m and a ridge height of 2.5 m. The shelter roofs were covered on November 17, 2011 by a clear, 0.2 mm, UV-transparent polyethylene greenhouse film (Plásticos F. Matos, Massamá, Portugal). For additional information on shelter design see Jongen et al. (2013b) . Water was applied to the experimental plots using an irrigation system, consisting of four 18-VAN rotary sprinklers with 90 • arc nozzles (Rainbird, Azusa, USA), one in each corner of the experimental plots. The water manipulation treatment was based on historical precipitation data for the experimental site (Inst. de Meteorologia, Lisbon). Average annual precipitation is 680 ± 210 mm, with 87% (594 mm) of the precipitation being confined to the growing season (October 1 to May 31). Historical precipitation data give a median number of rain events during the growing season of 24, with the median length of the dry periods being 7 days. The two water manipulation treatments were: '3-weekly watering treatment', with the normal dry period increased three-fold to 21 days, and '6-weekly watering treatment', with the normal dry period increased six-fold to 42 days. In addition to the two water manipulation treatments, there were non-sheltered 'control' plots, receiving natural precipitation. Each of the three treatments had four replicate experimental plots. To prevent a treatment effect on germination and seedling establishment, all experimental plots were subjected to equal water inputs until the middle of November 2011, receiving 244 mm of natural precipitation. From November 17 onwards, when the shelters were covered, the 3-weekly watering treatment received 40 mm of water every three weeks and the 6-weekly watering treatment received 80 mm every six weeks. In total, precipitation inputs during the growing season of October 2011 to the end of May 2012 amounted to 614 mm for both treatments.
Microclimate
Air temperature and humidity were continuously measured using EHT sensors with radiation shields (Decagon Devices, Pullman, USA). Water vapour pressure deficit (VPD) was calculated from the temperature and humidity data according to Goudriaan and van Laar (1994) , and presented as the average values for the 11:00-18:00 h period. Photosynthetic photon flux density (PPFD) was continuously measured using a QSO-S PAR sensor (Decagon Devices, Pullman, USA). One EC-5 soil moisture sensor (Decagon Devices, Pullman, USA) was installed in the middle of each of the experimental plots at a depth of 5 cm, continuously measuring volumetric soil water content (SWC). All above-mentioned sensors were connected to EM-50 data loggers (Decagon Devices, Pullman, USA), recording half-hourly means. Data on volumetric SWC at a depth of 10, 20, 30, 40, 60 and 100 cm was obtained using soil profile probes (PR1, Delta-T Devices, Cambridge, UK), with measurements made 1 h before and 24 h after each watering event. PR1 data were used to estimate infiltration, calculated as the increase in the amount of water (l m −2 ) in different soil layers 24 h after watering as compared to pre-watering values. Infiltration was calculated in the water manipulation plots, in conjunction with the irrigation events on January 3, February 14, March 27 and May 7. Precipitation was measured with a RG2 rain gauge (Delta-T Devices, Burwell, Cambridge, UK), and stored as half-hourly means on a DL2 data logger (Delta-T Devices, Burwell, Cambridge, UK).
Primary productivity and vegetation indices
Germination of the herbaceous understorey in the studied montado ecosystem occurs in autumn after the first substantial precipitation event, with biomass development primarily confined to the period between February and May. Therefore, aboveground net primary productivity (ANPP) was estimated on February 16, March 27, May 10 and June 12, the latter two dates corresponding with the onset of senescence. All plant material in two 30 cm × 30 cm quadrats within each experimental plot was harvested, sorted into the individual species, oven dried at 60 • C for 72 h, and weighed. Estimations of vegetation height were conducted around the sampling dates for ANPP. Within each experimental plot, 10 replicate measurements of plant height were recorded, measuring from the soil level to the top of the vegetation, including flowering stems.
Belowground net primary productivity (BNPP) was estimated at the end of the growing season (June 12). In each of the experimental plots, three soil cores of 8 cm diameter and a depth of up to 20 cm were taken. Roots were washed out, with subsequent analysis of root length for determination of specific root length (SRL) using WinRhizo software (Regents Instruments Inc., Canada), then oven dried at 60 • C for 72 h, and weighed.
On May 30, leaf area index (LAI) was measured using a ceptometer (AccuPAR model LP-80, Decagon Devices, Pullman, USA), allowing an indirect determination of LAI by measuring the fraction of intercepted photosynthetically active radiation (fPAR) of the canopy.
Using a FieldSpec3 spectroradiometer (ASD Inc., Boulder, USA), canopy reflectance measurements in the range of 350-2500 nm were performed on May 25 and June 11, to assess vegetation senescence. The spectral resolution (Full-Width-Half-Maximum) is 3 nm at 700 nm and 10 nm at 1400 nm and 2100 nm. The sampling interval is 1.4 nm for the spectral region of 350-1000 nm (visible and near infrared) and 2 nm for the spectral region of 1000-2500 nm (short-wave infrared). On both dates, the measurements were conducted around solar noon, with three replicates in each experimental plot, each replicate representing the average of 5 spectra with the bare fiberoptic cable (25 • degree of field-of-view) inserted into a pistol grip at a height of 70 cm from the soil. A white reference of known reflectance (Spectralon panel, Labsphere, Inc., North Sutton, USA) was used to normalize for variations in atmospheric conditions and to convert the measurements into absolute reflectance. Three vegetation indices were calculated using reflectance in selected wave bands: (1) (Gamon et al., 1995) , these indices decreasing with increasing canopy senescence (Di Bella et al., 2004; Viña and Gitelson, 2005) . CAI, although usually used as indicator of crop residue (Aguilar et al., 2012; Nagler et al., 2003; Serbin et al., 2009) , has been shown to be a diagnostic tool to estimate senescence in vegetation (Chabrillat, 2006) . CAI represents the presence of cellulose, with plant senescent material typically featuring positive CAI values (Nagler et al., 2003) .
N dynamics
To determine plant nitrogen content, 0.3 g of ground plant material was digested with 2.5 ml of concentrated sulphuric acid with selenium as catalyst, with subsequent N analysis by automated segmented-flow spectrophotometry (SanPlus, Skalar Analytical B.V., Breda, the Netherlands) using the Berthelot method (Houba et al., 1989) .
Soil sampling, for determination of soil NO 3 − -N and NH 4 + -N, was done at 6-weekly intervals, before and after each 6-weekly watering event. From each of the experimental plots, four duplicate soil cores (2 cm diameter, 0-10 cm) were pooled, mixed to achieve uniformity, and subsequently sieved. NO 3 − -N and NH 4 + -N were extracted by shaking 8 g of soil with 20 ml 2 M KCl for 1 h. Extracts were analyzed by automated segmented-flow spectrophotometry (SanPlus, Skalar Analytical B.V., Breda, the Netherlands) using the Berthelot and hydrazinium reduction method, and the sulfanilamide diazotizing method for NH 4 + -N and NO 3 − -N, respectively (Houba et al., 1989) . Plant available NO 3 − -N and NH 4 + -N was measured with PST-1 ion-exchange resin capsules (Unibest Inc., Bozeman, USA) filled with mixed anion-cation resins. Capsules were installed in December 2011, into the main rooting zone at 10 cm depth, with five replicates per experimental plot. Capsules were collected in June 2011, with subsequent stripping of adsorbed ions by sequential shaking in two batches of 20 ml 2 M KCl. Extracts were analyzed for NH 4 + -N and NO 3 − -N as described above.
Using pore water samplers (SK20 suction cups, UMS GmbH, München, Germany) in connection with a vacuum system (VSpro, UMS GmbH, München, Germany), soil pore water at a depth of 30 cm was collected between February and May, by applying a constant vacuum (between 25 and 30 kPa, depending on SWC and plot elevation) during 24-h periods, starting at the time of the respective 6-weekly watering events. A total of twelve pore water samplers were installed; three pore water samplers in half of the water manipulation plots. Subsequently, NO 3 − -N and NH 4 + -N was analyzed in the collected water as described above.
Data analysis
Statistical analysis was performed using Sigmaplot 11.0 (Systac Software, Inc., San Jose, USA). Significance level was set to p < 0.05. Data on LAI, BNPP, root to shoot ratio, SRL and nitrogen availability were analyzed using a one-way analysis of variance (ANOVA), with treatment being the only factor. Data on ANPP, vegetation height, spectral indices, tissue and herbage N were analyzed using a two-way repeated measures ANOVA, with treatment and date as factors. When a significant difference was found for a main factor, Fisher's LSD post hoc pairwise comparison was applied to determine individual differences between means. Data on infiltration were analyzed using a two-way ANOVA, with treatment and soil depth as factors. Data on the relative abundance of functional groups were arcsine transformed to ensure normality, and analyzed using a two-way repeated measures ANOVA, with treatment and date as factors. Data on seasonal pattern of soil inorganic N failed to meet the normality assumptions for ANOVA despite transformations, and were analyzed using non-parametric Kruskal-Wallis ANOVA on ranks for all-over treatment effects, and Friedman repeated measures ANOVA on ranks for all-over date effects. Data on soil inorganic N of the two experimental watering treatments around individual watering events were analyzed using a two-way repeated measures ANOVA, with treatment and date as main effects.
Results
Microclimate and soil water
Daily average air temperature at the experimental site over the course of the study ranged from 3.9 to 25.9 • C (Fig. 1) , with daily-integrated PPFD varying between 3.1 and 62.1 mol m −2 d −1 .
October was warm, with a monthly average temperature of 19.9 • C, as compared to the long-term (1981-2010) average of 17.5 • C (Inst. de Meteorologia, Lisbon). In February and April temperatures were below average. March, on the other hand, was relatively warm, and characterized by two warm spells in the period of March 9-14 and March 25-28, with above-average daily maximum temperatures ranging from 24.4 to 27.9 • C, and VPD between 1.8 and 2.5 kPa.
As usual in this Mediterranean climate, May saw a rapid increase in temperature, with daily maximum temperature in the period of May 8 to June 13 exceeding 30 • C on 15 occasions, with concomitant high VPD (1.6-3.6 kPa).
Total precipitation in the growing season (October 2011 until June 2012) was 412.6 mm, 30% below the long-term growing season average. Most of the precipitation (294 mm) was confined to the period of October 23 to December 16 (Fig. 2a) . Subsequently followed an exceptionally severe wintertime drought with a total precipitation of merely 10.2 mm between December 17 and March 31, with the long-term average for this period being ∼280 mm. Precipitation in April and May (62.6 and 45.5 mm respectively) was normal, with the long-term average for these months adding up to 109.2 mm. The control plots only received natural precipitation, and as a result of the drought, SWC in these plots reached the wilting point ∼10 weeks after the last substantial natural precipitation, and was below the wilting point during the period of February 26 to April 1 (Fig. 2b) , exerting a strong effect on plant performance. In addition, SWC in the control plots was below the wilting point in the period of April 8-25, on May 18 and from May 23 onwards. Our experimental water manipulation (Fig. 2c ) resulted in marked differences in temporal soil moisture dynamics between the 3-and 6-weekly watering treatments (Fig. 2d) . At the start of water manipulation (November 17) SWC in these plots was 17.6%. Except for two of the days after irrigation (December 13 and January 24), in the period until March 6, SWC in the 3-weekly watering treatment was lower as compared to the 6-weekly watering treatment. Subsequently, supremacy of SWC alternated between these two treatments and higher temperatures in combination with increasing biomass and concomitant higher transpiration, resulted in a rapid decrease in SWC in both treatments. This resulted in the SWC in the 6-weekly watering treatment being below the wilting point on March 16-26, April 24-May 8 and from May 27 onwards. In the 3-weekly watering treatment SWC was below the wilting point for two brief periods in March and April (March 25-27 and April 15-17) and for the period of May 20-29. Total number of days during spring with SWC below the wilting point was 13, 42 and 74 days in the 3-weekly, 6-weekly and control treatments, respectively. Average SWC at 5 cm depth during the growing season was 13.0%, 13.4% and 11.6% in the 3-weekly, 6-weekly and control treatments, respectively. The variability of SWC, calculated as the coefficient of variation of daily average SWC values, increased by 23% (from 0.326 to 0.401) when extending the dry period from three to six weeks. However, in the control plots, variability of SWC was 0.541, markedly higher as compared to the two water manipulation treatments.
Water infiltration through the soil profile, which is an indication of water retention capacity of the soil with large precipitation events, was assessed 24 h after irrigation in the water manipulation plots (Fig. 3) . Experimental precipitation patterns resulted in significant differences in water infiltration in deeper (>50 cm) soil layers. In the 3-weekly watering treatment, soil moisture in the 70-100 cm deep soil layer increased by 1.1 l m −2 , as compared to a 4.6 l m −2 increase in the 6-weekly watering treatment (Fig. 3) . This difference was less pronounced in the 50-70 cm deep soil layer.
Cumulative infiltration in the 0-100 cm soil profile in the 3-weekly watering treatment amounted to 40 l m −2 , thus accounting for all the water applied. In contrast, in the 6-weekly watering treatment, these plots receiving 80 l m −2 , cumulative infiltration only amounted to 57 l m −2 , with possible explanations of this disparity being surface run-off, subsurface lateral flow, or infiltration to soil layers >100 cm.
Primary productivity and vegetation indices
Seasonal dynamics of sward development of the herbaceous vegetation is primarily confined to the period between February and May. All-over ANOVA showed a significant treatment effect (p = 0.002), date effect (p < 0.001) and interaction (p = 0.006) on both ANPP and vegetation height, with the control plots being significantly different from the two experimental watering treatments (Fig. 4) . Post hoc analysis show significantly lower ANPP and vegetation height in the control plots in March, May and June. In February, no significant difference was found in vegetation height between the treatments, while ANPP in the control plots was significantly lower as compared to the 6-weekly watering treatment, with ANPP values in February of 83 ± 11.0, 118 ± 13.5 and 55 ± 12.4 g m −2 in the 3-weekly, 6-weekly and control treatment, respectively.
Over the growing season, ANPP in the 3-and 6-weekly watering treatment significantly increased, reaching a peak in late spring, with ANPP in May being 241 ± 33.5 g m −2 in the 3-weekly watering treatment, and 236 ± 39.7 g m −2 in the 6-weekly watering treatment. In the control plots, however, ANPP did not show a significant increase over the growing season, with values in May of only 80 ± 7.7 g m −2 . Vegetation height for all treatments showed a significant increase along the growing season, with the exception of vegetation height in the control plots between February and March. At the end of May, vegetation height was 21 ± 0.9, 22 ± 1.0 and 16 ± 1.2 cm in the 3-weekly, 6-weekly and control treatment, respectively.
LAI, measured at the end of May, was significantly different between treatments, with the LAI in the control plots being lower as compared to that in the 3-and 6-weekly watering treatment (Table 1) . Although the presence of inflorescences and maturing fruits may have resulted in an overestimation of LAI, ANPP showed a good correlation with LAI (r 2 = 0.84, p < 0.001, slope = 0.06).
BNPP was not significantly (p = 0.176) affected by treatment. However, dry matter partitioning, calculated as the root to shoot ratio, was significantly (p = 0.004) higher in the control plots, this difference resulting from the low ANPP in these plots. SRL, an indicator of resource uptake potential, was significantly (p = 0.039) affected by treatment, with a lower SRL in the control plots as compared to the 6-weekly watering treatment.
The vegetation indices NDVI, NDVI 705 and CAI were significantly affected by date (p < 0.001), with a decrease in NDVI and NDVI 705 and an increase in CAI on June 11 as compared to May 25 (Fig. 5 ), all indicating a higher degree of canopy senescence in June. The three indices were significantly affected by treatment (p < 0.001). In addition, the interaction between treatment and date was significant (NDVI: p = 0.043, NDVI 705 : p = 0.025 and CAI: p = 0.038). On May 25 NDVI and NDVI 705 in the control plots were lower as compared to the two experimental watering treatments, while CAI in the control plots revealed higher values. On June 11, on the other hand, both the 6-weekly watering treatment and the control plots were significantly different from the 3-weekly watering treatment, with lower NDVI and NDVI 705 , and higher CAI.
Table 1
Leaf area index (LAI), belowground net primary productivity (BNPP), root to shoot ratio and specific root length (SRL) in the 3-and 6-weekly watering treatments, and control plots. Measurements taken at the end of the growing season. Data represent mean ± SE, n = 4. Different letters indicate significantly different means (Fisher's LSD, p < 0.05) between treatments. 
Species composition
Community structure, expressed as the relative abundance of the functional groups grasses, forbs and legumes, is shown in Fig. 6 . The vegetation in this montado understorey is dominated by forbs, which account on average for 66% of aboveground productivity (Fig. 6b) . In February, Spergula arvensis and Rumex acetosella were the prominent forbs, accounting for 65% of forb biomass. In May, prominent forb species were Tolpis barbata, Tuberaria guttatta, Rumex acetosella and Bellardia trixago, these four species accounting for 87% of forb biomass. The average relative abundance of grasses (Fig. 6a ) was 28%, with Agrostis pourretii and Vulpia geniculata as prominent species. The relative abundance of grasses and forbs was not affected by the experimental watering treatments, and both functional groups showed little change in their relative abundance along the growing season. However, in the control plots, the contribution of grasses rapidly decreased between March and May, with a simultaneous increase in the relative abundance of forbs, resulting in significant differences between these functional group abundances in May, when comparing control plots with the two water manipulation treatments.
The relative abundance of legumes, with the prominent species being Ornithopus pinnatus, was low, and affected by treatment at all harvests. In the 3-weekly watering treatment, relative abundance of legumes along the growing season significantly increased (p = 0.004) from 7% to 17%, while in the 6-weekly watering treatment legume contribution did not change. In contrast, legume contribution to total biomass in the control plots along the growing season decreased to <1% in May.
N dynamics
Tissue N concentration was significantly higher in legumes, as compared to the grasses and forbs (Fig. 7) . No significant differences were found in tissue N in grasses, forbs or legumes between the 3-and 6-weekly watering treatments, with tissue N decreasing along the growing season in both treatments. In the control plots, however, tissue N in grasses and forbs did not change during the growing season. As a result, tissue N concentration in grasses and forbs in the control plots were significantly higher in May, as compared to the two water manipulation treatments (Fig. 7) .
Changes in total herbage N along the growing season (Fig. 7d ) followed the observed changes in ANPP (Fig. 4) . Herbage N did not differ significantly between the 3-and 6-weekly watering treatment, and on average increased from 1.5 to 2.5 g m −2 between February and May, the period of active biomass development. However, herbage N in the control plots did not increase along the growing season, and compared to the two water manipulation treatments, herbage N in the control plots was significantly lower in April and May (Fig. 7d) .
Seasonal dynamics of soil inorganic N, extracted from the top 10 cm soil layer, are indicative of a nitrogen limited ecosystem, with low values of extractable N (Fig. 8) . Most of the soil inorganic N was present as ammonium (NH 4 + -N), with nitrate (NO 3 − -N) only detectable in November (averaged NO 3 − -N of 0.3 g g −1 ). Soil inorganic N dynamics were significantly affected by date (p < 0.001), with values ranging from 0.2 to 2.1 g g −1 . In January and March soil NH 4 + -N in the control plots was significantly higher as compared to the two experimental watering treatments. However, with the exception of January 5, no significant differences were found between the 3-and 6-weekly watering treatments. Irrigation resulted in a decrease in extractable soil NH 4 + -N, as compared to concentrations prior to watering, this decrease being more pronounced in the 6-weekly watering treatment.
Although no NO 3 − -N was detected in the top 10 cm soil layer in any of the treatments from January onwards, ion-exchange resin capsules, giving a measure of plant available N over the growing season, showed that cumulative NO 3 − -N availability exceeded NH 4 + -N in all three treatments (Fig. 9 ). In addition, cumulative available NO 3 − -N, and as a consequence available total N, in the control plots was significantly lower as compared to the two experimental watering treatments. Analysis of pore water, collected in the 3-and 6-weekly watering treatments after irrigation in February, March and May at a depth of 30 cm, revealed no NH 4 + -N, while NO 3 − -N in March and May was below the detection limit of <0.5 mg l −1 . However, on February 15, one day after irrigation, pore water NO 3 − -N was 3.8 ± 1.6 and 3.3 ± 0.2 mg l −1 in the 3-and 6-weekly watering treatments, respectively (results not shown).
Discussion
Precipitation variability
Our results showed that precipitation variability, with an increase of the dry period from three to six weeks, without changing total precipitation inputs, did not affect productivity of the herbaceous understorey vegetation. Contrary to our hypothesis, ANPP, BNPP, vegetation height and LAI were not significantly reduced in the 6-weekly watering treatment. In addition, no significant differences were observed in the root to shoot ratio and SRL between the 3-and 6-weekly watering treatments. Thus, although differences in temporal soil moisture dynamics between these two treatments were apparent, and more importantly, variability of SWC and the number of days with SWC below the wilting point was higher in the 6-weekly watering treatment, as compared to the 3-weekly watering treatment, this did not result in differences in productivity. This shows the resilience of the annual C3 species to variation in soil moisture, and indicates their ability to cope with irregular precipitation patterns through a high degree of phenotypic plasticity (Jump and Peñuelas, 2005; Miranda et al., 2009 ) and the possibility to employ strategies that improve water uptake and reduce water consumption (e.g. Moreno et al., 2008) . This phenotypic adaptation to water stress was evident from data on leaf-level photosynthesis on May 6 on three prominent species, Tolpis barbata, Tuberaria guttatta and Rumex acetosella, which together account for ∼42% of ANPP (Table 2) . With SWC in the 3-and 6-weekly watering treatment being 8.1% and 5.2%, respectively, the latter value well below the wilting point, data showed that all three species were able to maintain photosynthesis, with lower stomatal conductance and transpiration in the 6-weekly watering treatment in Tuberaria and Rumex indicating an increased water-use efficiency.
Peak ANPP, occurring in May 2012, gave values of 241 and 235 g m −2 in the 3-and 6-weekly watering treatment, respectively. Previous single-year studies on peak ANPP of the herbaceous understorey vegetation in evergreen woodlands in Iberia report values of 195-250 g m −2 (Castro and Freitas, 2009; Hussain et al., 2009; Li et al., 2008) . However, Vázquez-de-Aldana et al. (2008) reported large interannual variations of ANPP over a 20-year period, (Jongen et al., 2013b) , with vegetation subjected to a dry period of three weeks, was 409 g m −2 . The substantially lower productivity in 2012 can partly be explained by the late onset of autumn precipitation, effectively reducing the length of the growing season, with consequences for ANPP at peak biomass, as has been previously reported in Mediterranean grasslands (Jongen et al., 2011; Ma et al., 2007) . In addition, the lower soil inorganic N concentrations in 2012, with maximum values in the period of January to May of ∼1 g g −1 , as compared to maximum soil inorganic N of 6.5 g g −1 in 2011 (Jongen et al., 2013a) resulted in more severe nitrogen limitation.
In a mesic grassland, increasing precipitation variability has previously been shown to decrease ANPP, simultaneously enhancing species diversity (Knapp et al., 2002) , the latter possibly being an indirect response to the reduced productivity. However, for a Mediterranean grassland, Miranda et al. (2009) reported no effects of precipitation variability on productivity and species diversity. Similarly, a previous study on the effects of precipitation variability on ecosystem processes in the herbaceous understorey in a Mediterranean oak woodland, with the dry period extended from one to three weeks, showed no significant effect on productivity and community structure (Jongen et al., 2013b) . In our study, altering precipitation pattern did not affect overall community structure, although legumes exhibited higher sensitivity to low soil water availability, as previously reported in Jongen et al. (2013b) . With legumes only accounting for a small percentage of total ANPP, Fig. 9 . Resin N availability for the October to June period in the 3-weekly ( ) and 6-weekly ( ) watering treatment, and control plots ( ). Data represent mean ± SE, n = 4. this did not affect productivity, but might have implications for soil nitrogen supply.
Leaf senescence, being an integral part of plant development, is a genetically controlled process, regulated by a variety of autonomous and environmental factors (Buchanan-Wollaston, 1997), the major environmental cue being limited water availability (Gan and Amasino, 1997) . In our study, precipitation pattern did affect rate of senescence, as shown by the significant differences in Table 2 Leaf-level photosynthesis (A), stomatal conductance (gs) and transpiration (E) for Tolpis barbata, Tuberaria guttatta and Rumex acetosella in the 3-weekly (3) and 6-weekly (6) watering treatments. Leaf-level gas exchange measurements were performed on May 6, immediately prior to irrigation, using a LI-6400 portable photosynthesis system (Li-Cor Inc., Lincoln, NE, USA) at ambient light (1659 ± 89.2 mol m −2 s −1 ). Data represent mean ± SE, n = 4.
all three vegetation indices (NDVI, NDVI 705 and CAI) between the 3-and 6-weekly watering treatment on June 11, with no difference found on May 25. The accelerated senescence in the 6-weekly watering treatment resulted from the decreasing soil moisture, with SWC being below the wilting point from May 26 onwards.
Irrigation on May 29 in the 3-weekly watering treatment alleviated water stress, thereby reducing vegetation senescence. As the timing of senescence is of primary importance for plant reproductive success (e.g. Lim et al., 2007) , altered precipitation regimes might have consequences for seed bank regeneration, consequently affecting ecosystem productivity and community structure in subsequent years. Consistent with the lack of productivity responses to altered precipitation regime, no differences were observed in N dynamics between the 3-and 6-weekly watering treatment, neither in soil inorganic N, soil N availability, % tissue N nor in herbage N. Soil inorganic N was very low, indicating that N was a limiting factor for biomass development, with maximum values in the experimental watering treatments in the period from January to May of ∼1 g g −1 , with NH 4 + -N being the only inorganic N species detected in the top 10 cm soil. The absence of extractable NO 3 − -N in soil samples during the growing season of the herbaceous understorey was likely caused by the rapid plant uptake of this ion, preventing NO 3 − -N accumulating in the soil. A complete uptake of NO 3 − -N is consistent with the findings that resin capsules did reveal NO 3 − -N availability. Moreover, in both treatments, resin capsules showed a higher cumulative availability of soil NO 3 − -N, as compared to NH 4 + -N. Further evidence that sward development was limited by nitrogen can be found in the decline of % tissue N in both the 3-and 6-weekly watering treatments along the growing season, a common finding in nitrogen-limited ecosystems (Goedhart et al., 2010; Sudderth et al., 2012) .
Although numerous studies report on the soil moisture dependence of microbial activity (e.g. Correia et al., 2012; Dijkstra et al., 2012) , which strongly influences soil N availability (Araya et al., 2012; Borken and Matzner, 2009) , only limited information is available on the effects of precipitation variability, without altering total annual precipitation inputs, on soil inorganic N. In a mixed grass prairie, Heisler-White et al. (2009) reported no difference in soil N availability in response to larger, less frequent precipitation events, which is in agreement with our results (Fig. 9) , with no significant differences in soil NH 4 + -N and NO 3 − -N availability between the 3-and 6-weekly watering treatments. Increasing precipitation variability, without altering total water inputs, has previously been shown to increase nitrate losses through leaching (Jongen et al., 2013a; Yahdjian and Sala, 2010) . In our study, pore water collected at a depth of 30 cm after large precipitation events did not reveal any NO 3 − -N in March and May, consistent with the lack of NO 3 − -N in soil samples. Only in February, small concentrations of NO 3 − -N were detected in pore water samples, although no NO 3 − -N was found in the top 10 cm soil layer, the latter finding being explained by plant uptake. Thus the NO 3 − -N in pore water probably originated from the 10-30 cm soil profile, as the understorey plants only have a shallow root system this early in the growing season.
Drought
Drought is a natural phenomenon, occurring when water availability is significantly below normal levels over a long period and water supply cannot meet the demand (Vicente-Serrano et al., 2012) . Drought time-scales, referring to the time lag existing between the start of a water deficiency and impact detection, for example a decrease of ANPP, play a key role in determining the sensitivity of a given ecosystem to drought. Several studies have shown species specific differences in the time-scale response to drought, i.e. species differ regarding their drought tolerance (Craine et al., 2013; Godfree et al., 2011; Valladares and Sánchez-Gómez, 2006) . In addition, the response of vegetation to drought has been shown to depend on biome characteristic time-scales, with the vegetation in semi-arid ecosystems tending to respond to drought at longer time-scales, as compared to arid and humid biomes (Vicente-Serrano et al., 2012) .
Wintertime droughts are increasingly common in the Mediterranean region (Hoerling et al., 2012) . The last major drought affecting the Iberian Peninsula occurred in 2004-2005, with severe negative impacts on vegetation growth and consequently on agricultural production (Garcia-Herrera et al., 2007) . During our study period (2011) (2012) ), yet another extreme wintertime drought occurred in Portugal, with vegetation only receiving a mere 10 mm of precipitation in the period of mid December until the end of March. This resulted in the control plots being subjected to prolonged drought and reduced precipitation, as compared to the two experimental watering treatments, with soil moisture below the wilting point by the end of February, ∼10 weeks after the last substantial precipitation. The negative impacts of this drought on the control plots were not only evident from the low productivity, as compared to the two experimental watering treatments, but also as compared with ANPP in previous years. More so, the lack of a significant increase in ANPP between February and May indicates drought impact. Additional drought effects were evident from the significantly lower LAI and higher root to shoot ratio, as compared to the two watering treatments. Increased root to shoot ratios in response to drought indicate changes in the source sink relationship, with increased carbon allocation to belowground processes (e.g. Gilgen and Buchmann, 2009; Kahmen et al., 2005) . Although drought obviously limited productivity in the control plots, we have to consider the possibility of a positive shelter effect (e.g. reduced radiation stress and/or decreased ratio of direct-diffuse radiation) in the two experimental watering treatments. This may have enhanced productivity in these treatments, as in February, with no water limitation, ANPP in the 6-weekly watering treatment was already significantly higher as compared to the control plots.
The change in community structure occurring after the end of the drought period, with the relative abundance of grasses and legumes decreasing, while forbs increased, indicated speciesspecific sensitivity to drought. Previous studies have reported changes in community structure and composition with drought (Evans et al., 2011; Kennedy et al., 2003; Weaver et al., 1935) . In Mediterranean grasslands, early precipitation followed by a long dry period, favoured drought-tolerant species and led to the death of annual grass and legume species (Rossiter, 1966) . In our study, point quadrat analysis (results not shown) and personal observations showed that at the end of March, virtually all grasses and legumes in the control plots had died. In contrast, the prominent forb species, Tolpis barbata, Tuberaria guttatta and Rumex acetosella, were able to withstand the severe drought conditions. This agrees with previous studies reporting the resistance of forb species to drought, this resistance being closely related with root extent (Weaver et al., 1935) . Precipitation in April enabled grasses to regenerate and flower, explaining the rapid increase in vegetation height in the control plots towards the end of the growing season. After the last substantial natural precipitation on May 7 (19 mm), SWC in the control plots rapidly decreased, being below the wilting point from May 23 onwards. This resulted in accelerated senescence in the control plots, as compared to the two experimental watering treatments, with differences in all three vegetation indices already apparent on May 25.
Microbial processes in the soil, such as decomposition of plant litter and soil organic matter into plant-available nitrogen, are strongly regulated by soil moisture (e.g. Brady and Weil, 2002; Paul and Clark, 1996) , with nitrification being more sensitive to drought stress than ammonification (Chen et al., 2011; Paul and Clark, 1996) . Indeed, in our study, low soil moisture in the control plots affected nitrogen availability, this effect being more pronounced for NO 3 − -N, with cumulative availability of this ion over the growing season being reduced by ∼80% as compared to the two experimental watering treatments. We suspect a strong drought induced impairment of the conversion of ammonium to nitrate, which can explain the finding that soil NH 4 + -N in control plots was higher, as compared to the other two treatments. The little NO 3 − -N formed would have rapidly been taken up by plants, explaining the absence of NO 3 − -N in the soil. Thus, in addition to the obvious water limitation on productivity in February and March, low soil moisture in the control plots affected nitrogen availability. This probably resulted in N limitation in April and May, when natural precipitation reduced water stress. However, constant tissue % N in the control plots over the growing season demonstrated that, in contrast to the watering treatments, productivity was predominantly water limited.
Conclusions
Future climate change scenarios for the Iberian Peninsula predict an increased temporal variability in precipitation regimes, with a higher frequency of extreme rainfall events, a lower frequency of rainfall days and longer intervening dry periods. This study demonstrates the high resilience of the herbaceous understorey, in a typical Mediterranean oak woodland, to increased precipitation variability within the growing season, with no significant differences in productivity, community structure and soil N dynamics between the 3-and 6-weekly watering treatments. Our results support the idea that the herbaceous C3 plants, in addition to adjusting their life-cycle to the seasonal water availability through avoidance of the dry hot summer period, are capable of coping with increases in the length of the dry period during the growing season, indicating a high degree of phenotypic and physiological adaptability. However, vegetation in the 6-weekly watering treatment was shown to shorten its life cycle resulting in earlier senescence, potentially having consequences for reproductive success. Although resilient to low soil moisture, the vegetation in the experimental watering treatments was found to be strongly nitrogen limited.
In comparison to understorey vegetation subjected to precipitation manipulation, control plots experienced a severe wintertime drought, with the length of the dry period increased to ∼15 weeks, and soil moisture being below the wilting point by the end of February, ∼10 weeks after the last substantial natural precipitation in December. This wintertime drought significantly reduced productivity, with the vegetation predominantly water limited and comparatively less limited by soil nitrogen, as compared to the watering treatments. In addition, drought significantly altered plant community structure, with forbs being more resistant to drought as compared to legumes and grasses.
In short, although the understorey vegetation was resilient to changes in precipitation variability, with the intervening dry period extended to six weeks, long drought periods, as experienced by the control plots, exerted highly negative effects. With semi-arid ecosystems tending to respond to drought at long time-scales, our results showed that the understorey vegetation was not able to buffer the drought effects through adaptive strategies when the length of the dry period exceeded 10 weeks.
Our results highlight the necessity for further studies investigating how climate change will influence the co-limitation of water and nitrogen availability, which in turn might affect plant productivity in Mediterranean ecosystems. Answers are needed to develop appropriate land management strategies and mitigation approaches.
